Pathogenic properties of influenza A viruses introduced into embryonated chicken eggs via the allantoic cavity, the amniotic cavity or the yolk sac were studied using viruses with cleavable or non-cleavable haemagglutinin (HA), or reassortants derived from the highly pathogenic fowl plague virus (FPV) which has a cleavable HA. The various organs, membranes and fluids were analysed for virus yields, and by immunohistochemistry for production of viral nucleoprotein. Virus replication in primary tissue cultures derived from various embryonic organs was also studied. Some of the reassortants, which were previously found to be non-pathogenic for chickens and were temperature-sensitive (ts) at 40 °C, multiplied at 37 °C to the same extent as the highly pathogenic FPV. The spread of other non-pathogenic reassortants in the embryo was restricted. For example, 81/Ho was able to multiply to a reasonable extent only in the chorioallantoic and the allantoamniotic membranes. After inoculation of the A/PR/8/34 strain containing a non-cleavable HA into the amniotic cavity, virus multipled only in the inner epithelial layer of the amnion, in superficial epidermal cells and in superficial epithelia of the oropharyngeal cavities, the nasal and paranasal sinuses and the oesophagus. Kidneys were free of virus antigen, although the virus multiplied to high titres in primary tissue cultures derived from embryonic kidneys. Thus influenza A viruses can be non-pathogenic for chickens because they are ts and unable to multiply at the body temperature of chickens (41 °C), or because their spread in the animal is impaired per se.
INTRODUCTION
It has previously been shown that the pathogenic properties of the highly virulent fowl plague virus (FPV) (A/FPV/Rostock/34; H7N1) can be influenced when certain RNA segments are replaced by corresponding segments of other influenza A prototype strains by reassortment (Scholtissek et al., 1976 (Scholtissek et al., , 1977 (Scholtissek et al., , 1978 Rott et al., 1979; Reinacher et al., 1983) . The non-pathogenic reassortants carrying the cleavable haemagglutinin (HA) of FPV were either unable to multiply or multipled slowly at 41 °C in primary chicken embryo cells, which explains why these strains were unable to kill chickens, whose temperature is 41 °C (Rott et al., 1982) . However, it was not clear whether the temperature sensitivity was the only reason for the loss of pathogenicity or whether there were also other factors (e.g. specific cell and organ tropisms) involved. Furthermore, the route of infection of chickens by certain temperature-sensitive (ts) mutants of FPV determined whether the animals became sick or not (Scholtissek & Rott, 1984) . After allantoic or chorionic inoculation of embryonated chicken eggs by influenza viruses with a cleavable HA, replication occurred in all layers of the membrane, whereas for viruses with a non-cleavable HA, replication was found only at the site of inoculation (Rott et al., 1980) . Thus, the cleavability of the HA seems to be important for the spread of the virus.
In these studies we chose the embryonated chicken egg and primary cell cultures obtained from various organs of the chicken embryo as models to test how far the different influenza strains and reassortants can multiply at 37 °C in the organs of the embryo or tissue cultures obtained from them. Although cleavability of the viral HA is an important determinant of pathogenicity of avian influenza viruses in chickens (Bosch et al., 1979), several of our reassortants carrying the cleavable HA of FPV did not spread in the embryo. Other reassortants with this HA were non-pathogenic for chickens (Scholtissek et al., 1977) , ts (Rott et al., 1982) and spread to about the same extent in the embryo as FPV. Thus, cleavability of HA alone is not sufficient to determine pathogenicity, and the temperature sensitivity of a reassortant does not prevent spread in the chicken embryo. The route of inoculation also determines whether an influenza virus or a reassortant can reach one or the other cell layer. Furthermore, a certain influenza strain might multiply to high titres in primary cultures of embryonic kidneys, but it does not necessarily reach that organ in vivo.
METHODS

Virus strains and reassortants.
The following virus strains were used: A/fowl plague/Rostock/34 (FPV or F, H7N 1); A/PR/8/34 (PR8 or P, H 1N l); A/chicken/Germany'N'/49 (virus N or N, H ION7). The reassortants were obtained by double infection of either chicken embryo cells (CEC) or Madin Darby canine kidney (MDCK) cells with specific ts mutants of FPV and other prototype influenza strains at the non-permissive temperature and isolation of those which formed plaques. All the reassortants contained the cleavable HA of FPV. Their genotypes have been defined previously (Scholtissek et al., 1976 (Scholtissek et al., , 1978 .
Primary cell cultures of chicken embryo organs. Cell cultures were prepared by removing the required organs from l 1-day-old (for brain cells 10-day-old) chicken embryos, trypsinization (Ruddle, 1971) and seeding into Petri dishes of 2 cm diameter. Confluent cultures were used, usually 24 and 48 h after seeding. The cells had a typical appearance for each organ. The heart cultures started 'beating' about 48 h after seeding.
Inoculation of the virus sample into embryonated eggs. A sample (0.2 ml) of virus (about 103 to 104 p.f.u.) was either injected directly into the allantoic cavity of 1 l-day-old eggs or, after mixing with trypan blue (final concentration 0-1%), into the yolk sac or amniotic cavity using a syringe needle 40 mm in length. In the latter cases care was taken to heat the syringe needle thoroughly before inoculation in order to avoid contamination of the allantoic cavity by virus. Embryos were further analysed only when the yolk sac or the amniotic cavity was stained and intact. The organs were removed and washed with 0.9~ NaC1, pH 2.5, in order to inactivate any virus at their surfaces.
Virus quantification. Virus titres were determined either by the haemagglutination (HA) test or by plaque tests on primary chicken embryo or MDCK cells. The HA titres in the organs of embryos were determined in a 10~ tissue homogenate after ultrasonication and centrifugation.
Immunohistological and histopathological examination of cells and embryonic organs after inoculation of virus into the allantoic or amniotic cavities. Infected tissue cultures were fixed in acetone at -20 °C. Before reaction with rat antiserum specific for viral ribonucleoprotein (RNP), slides were incubated with undiluted swine serum. The rat antiserum was absorbed with swine liver powder (10 mg/ml) to eliminate non-specific background staining, and diluted l :30. The second antibody was a fluorescein-labelled chicken antiserum to rat IgG, which was kindly supplied by Dr H. Becht, Giessen, F.R.G. Antisera were diluted in swine serum (a l :5 solution in phosphatebuffered saline).
Infected embryos were taken 24 (FPV) and 30 (81/Ho, PR8) h after infection. After removing the chorioallantoic membrane (CAM) and the yolk sac, the embryo together with the surrounding aUantoamnion was fixed in methanol at room temperature for at least 48 h. After fixation the embryo and the adherent allantoamnion were transversely cut into thin slices and embedded in paraffin. In this way all organs could be investigated. Chorioallantoic and yolk sac membranes were rolled up, cut into thin slices and processed similarly, thus allowing large areas of the embryonic membranes to be investigated.
The RNP antigen of the influenza viruses was demonstrated by the peroxidase-anti-peroxidase (PAP) technique using rabbit anti-RNP serum (Rott et al., 1980; Reinacher et al., 1983) . Controls were performed by incubating non-infected organs with anti-RNP serum and by treating infected organs with serum of a nonimmunized rabbit.
For histopathology, paraffin sections were stained with haematoxylin and eosin. 
Multiplication of virus strains in embryonic organs and membranes after inoculation into the allantoic cavity
Infected 1 l-day-old embryonated eggs were incubated for various lengths of time at 37 °C. Embryos that were killed by infection were analysed immediately. In addition, at certain intervals eggs still containing living embryos were processed. Titres (p.f.u. and/or HA) were determined in the allantoic and, in some instances, also in the amniotic fluids, as well as in 10~ homogenates of various organs and membranes. In Tables 1 and 2 data are recorded only from :~ Plaque tests were performed on CEC with 10 lag/ml trypsin in the overlay medium (Appleyard & Maber, 1974) . § Plaque tests were performed on MDCK cells (Scholtissek et al., 1978) . 81/Ho is a reassortant between FPV and A/Hong Kong/l/68 (see footnote to Table 2 ). * 81/I-Io, RNA segments 1, 2, 5, 6 and 8 derived from A/Hong Kong/l/68; 81/Ho ad/3 etc., variants of 81/Ho forming plaques on primary chick embryo cells obtained after the third, fourth or fifth undiluted passage of 81/Ho in CEC; 19[Ho, segments 1, 2, 3, 5, 6 and 8 derived from the Hong Kong strain; 3/E, segment 1 derived from A/equi/Miami/1/68; 3/N, segment 1 derived from virus N; 3/PR8, segment 1 derived from PR8; 19/Sw, segment 5 derived from A/swine/1976/31; 90/Sw, segment 2 derived from the swine virus. All other RNA segments are derived from FPV.
t The symbols in parentheses indicate: (+) pathogenic for chicken (inoculated chickens died after 2 to 3 days),
(-) non-pathogenic for chicken and (+) delayed time to death (Scholtissek et al., 1977 (Scholtissek et al., , 1978 eggs with a positive HA titre in the allantoic fluid. After infection with FPV, high virus yields were observed in heart, kidney and liver. After inoculation with viruses like PR8 and virus N, which in chicken embryo cells produce particles with non-cleaved HA (Klenk et al., 1975) , the embryos survived the observation time (up to 31 or 36 h, respectively), although they later died, and only marginal or no viral HA activity could be detected in the organs tested. After inoculation with the reassortants 19/Ho, 81/Ho, and 3/PR8 only marginal or no viral HA was found in the organs, even though the viruses carry the cleavable HA of FPV. However, about 50 ~ of the embryos died during the observation time. These three reassortants were found to be non-pathogenic for chickens after intramuscular inoculation (Scholtissek et al., 1977 (Scholtissek et al., , 1978 . With the FPV reassortants 3/N, 19/Sw and 90/Sw the HA titres found in the organs were almost as high as in FPV-infected embryos. Intermediate values were obtained with the reassortant 3/E. 90/Sw has previously been found to be non-pathogenic for chickens, in contrast to the other reassortants in this group (Scholtissek et al., 1977) . After inoculation with FPV, 81/Ho and 90/Sw other organs of the embryo, such as lung and spleen, were also examined (data not shown). In embryos infected with FPV and 90/Sw relatively high titres were found in all of these organs, while after inoculation with 81/Ho no virus (determined in HA units) was detectable.
After infection with FPV, PR8 or 81/Ho HA titres in amniotic fluid, allantoamniotic membrane and the membrane of the yolk sac were determined (data not shown). FPV was found everywhere, whereas PR8 or 81/Ho was, as a rule, found in the amniotic fluid and the allantoamniotic membrane at reasonable titres, but only occasionally and at low titre in the membrane of the yolk sac.
It is interesting to note that the 81/Ho variants adapted for plaque formation in chicken embryo cells exhibited the same behaviour as the original 81/Ho with respect to spread in the embryo after inoculation into the allantoic cavity ( Table 2) .
Multiplication of virus strains in embryonic organs after inoculation into the yolk sac or amniotic
cavity It has previously been shown that the cleavability of the HA protein determines the spread of avian influenza viruses in the chorioallantoic membrane of chicken embryos (Rott et al., 1980) . While viruses with cleavable HA can penetrate the three germinal layers of this membrane and gain entrance to the blood vessels, those with non-cleaved HA cannot. Because of this complication, we tested several of our virus strains by inoculation directly into the yolk sac or amniotic cavity of embryonated eggs, which should allow virus to reach the embryo directly without having to pass through membranes. After inoculation into the yolk sac, the distribution of viral HA was more or less the same as after inoculation into the allantoic cavity (Table 3) .
After inoculation into the amniotic cavity (Table 4) FPV was, as a rule, found almost everywhere. PR8 and 81/Ho could be detected in the allantoamniotic membrane and the amniotic fluid, but only low titres (81/Ho) or none (PR8) were found in the yolk sac membrane or in organs. The titres in the allantoic fluid in all instances were relatively low and seemed to appear there relatively late after inoculation.
Multiplication of virus strains in primary cultures of chicken embryo organs
In order to avoid the possible complication of an abortive infection, we inoculated cultures of embryonic organs with a very low virus dose and waited for several cycles of infection before the p.f.u, and/or HA titres were determined. As can be seen in Table 5 , FPV multiplied readily in primary cultures of all organs tested, but the titres obtained after infection with 90/Sw were on average fourfold lower. 81/Ho multiplied even less efficiently compared with 90/Sw (two-to fourfold less). PR8 grew only in primary cultures of kidneys to reasonable titres, but not in the other cell cultures. It is known that influenza A viruses with non-cleavable HA can multiply in embryonic kidney cells (Maassab, 1967 (Maassab, , 1968 Babiker & Rott, 1968) .
Although 81/Ho multiplied in these cells to low titres only, compared to FPV (Table 5) , between 70 and 100~ of the cells were infected as shown by fluorescent antibody staining. 
Distribution of viral NP in organs and membranes in situ after inoculation into the allantoic or amniotic cavity
A summary of the immunohistological findings is given in Table 6 . Both intraamniotic and intraallantoic inoculation of the 11-day-old embryonated eggs with the pathogenic FPV strain led to an infection in all organs. Intranuclear and cytoplasmic RNP antigen could be readily demonstrated in endothelial cells (see Fig. 1 a, b ) of all types of blood vessels including endocardial cells. In the liver numerous hepatocytes and some bile duct epithelia contained virus-specific antigen. In the heart single myocytes exhibited a positive reaction. In the lungs as well as endothial cells, numerous cells of the mesenchymal matrix were positive, whereas the epithelia of the bronchopulmonary buds remained negative. In the brain and spinal cord small foci of RNP antigen-containing neural cells could be seen. Intravascular white blood cells in all organs and multiple mesenchymal cells were also strongly positive for RNP antigen. Furthermore, after inoculation into the amniotic cavity RNP antigen could be detected in superficial epidermal cells (Fig. 1 a) and in epithelia of the oropharyngeal cavities, the nasal and paranasal sinuses, and the oesophagus. In contrast, surprisingly, after inoculation into the allantoic cavity these tissues did not contain RNP antigen (Fig. 1 b) . All layers of the CAM exhibited a strongly positive reaction for RNP antigen (Fig. 1 e) independent of the route of inoculation. Virus-specific antigen was also detected in the inner epithelial lining of the amnion after inoculation into the amniotic cavity (Fig. 1 a) , but not after intraallantoic inoculation (Fig.  1 b) . After both routes of inoculation the yolk sac membranes, endothelial cells, haematopoietic cells and, at least focally, epithelial cells contained RNP antigen. RNP antigen was found in endothelial cells of all organs in a similar distribution pattern after intraamniotic inoculation with 81/Ho in two of three embryos, although only relatively few cells reacted positively. However, parenchymal ceils of the central nervous system, heart and liver remained negative. Virus-specific antigen was also demonstrated in superficial epidermal cells (Fig. 1 c) and in the epithelia of the oropharyngeal cavities, the nasal and paranasal sinuses, and the oesophagus.
Intraallantoic inoculation with 81/Ho in all cases resulted in a slight and focal reaction of RNP antigen in the allantoic epithelial cells (Fig. l f) . In the chorionic epithelium small amounts of RNP antigen were found in only two out of four cases. In the yolk sac membrane and in the embryonic organs virus-specific antigen was not seen.
After inoculation with PR8 into the amniotic cavity, RNP antigen was clearly demonstrated in the inner epithelial layer of the amnion (Fig. 1 d) and in epithelial cells of the allantochorion, whereas endothelial cells of all embryonic membranes remained negative. In the embryos virusspecific antigen was only seen in superficial epidermal cells (Fig. 1 d) and in superficial epithelia of the oropharyngeal cavities, the nasal and paranasal sinuses and the oesophagus. Kidneys were free of viral antigen. Intraallantoic inoculation with PR8 led only to an infection of the inner epithelial layers of the CAM (Fig. 1 g) and correspondingly of the allantoic epithelium of the allantoamnion. RNP antigen could not be detected in endothelial cells, the embryonic membranes or the embryonal organs.
Immunohistological demonstration of RNP antigen in embryonic membranes and chicken embryos after inoculation via different routes with various virus strains
Obvious histopathological lesions were not seen in any of the organs 24 or 30 h after infection with any of these viruses.
DISCUSSION
There are several mechanisms by which an influenza A virus may lose pathogenicity for its natural host: the virus can become ts by mutation or reassortment and be unable to multiply to reasonable titres in the various organs of the host, or variants may lose their specific cell or organ tropism or their ability to spread. The former can be determined by the plaque enlargement technique and by injecting the ts mutants or reassortants into chickens (Rott et al., 1982; Scholtissek & Rott, 1984) . However, the reassortant 81/Ho, for example, cannot be tested in this way since it does not form plaques with chicken embryo cells, either at 33 °C or at 40 °C. For this and other reasons (e.g. to avoid experimentation with adult animals) we explored the embryonated chicken egg as a model for testing spread, and cell and organ tropism. Initially, eggs were incubated at 37 °C and therefore the ts character of the virus was not taken into account. When embryonated chicken eggs were investigated, independently of the route of inoculation, the reassortants with the cleavable HA of FPV, which were non-pathogenic for chickens, could be divided into two groups: (i) those which are ts, but at the permissive temperature multiply equally well in all organs compared to FPV and (ii) those which do not multiply in the organs of the embryos to reasonable titres. This latter observation was not in complete agreement with results obtained by using tissue cultures prepared from the various organs. When these cultures were infected with 81/Ho at a low multiplicity, virus titres were significantly lower after several cycles of replication compared to cultures infected with FPV, although 70 to 100% of the cells in 81/Ho-infected cultures produced viral antigen. This may mean that either only a few cells produce infectious virus, while the rest of these cells might be only abortively infected, or that all infected cells produce only a few infectious particles. In fact immunohistological studies (Fig. 1) showed that in vivo only a few cells in organs of the 81/Hoinfected embryos produced viral antigen, demonstrating that relatively few cells had become infected in this embryo. The situation after infection with the PR8 strain is even more striking. Although this virus multiplies well in tissue cultures obtained from embryonic kidneys, no cells with viral NP were found in the kidneys in vivo after inoculation of the virus into the allantoic or the amniotic cavity. In the latter case virus had come into contact with the embryo, since NP could be detected in the outer epithelial cells of the embryo (Fig. 1) . However, it is not known which cells of the kidney grow out when cell cultures are prepared from this organ, or to what extent they change their behaviour in culture.
It is not clear why in embryonated eggs infected with influenza A viruses with an HA that is not cleaved in chicken embryo cells, independently of the route of infection, the three germinal layers of the allantoic membrane did not function as a tight barrier against these viruses, as might have been expected from the results of Rott et al. (1980) . However, by immunohistological methods (Table 6 ) it was found that PR8 multiplied only in the allantoic or amniotic epithelium. After infection with 81/Ho the RNP antigen was also occasionally found in other cell layers of these membranes, which explains why this virus was able to penetrate the three germinal layers of the aUantoic membrane. In spite of the fact that the embryo itself became exposed to these viruses, the latter did not multiply to a reasonable extent in any of the organs. The reason why the embryo finally died is presumably due to oxygen depletion as a result of the destruction of the allantoic membrane. The rapid death after infection with FPV or 90/Sw was presumably c~tused by the extent of replication of virus in the various organs which resulted in the destruction of their various functions.
Recently it has been shown that the NP of influenza A viruses plays a major role in determining host range (Scholtissek et al., 1985) . This might explain the particular behaviour of 81/Ho and 19/Ho which have their NP genes derived from the human Hong Kong virus of 1968.
